Introduction.
Over the last two decades, various aspects of f-element spectroscopy have been extensively studied [1] and lanthanide coordination complexes in particular have found important applications in the biological sciences. [2] In this context, they have been used as luminescent probes for one or twophoton imaging, [3, 4] as responsive probes able to detect and quantify in vitro or in cellulo a biological activity or the presence of a given substrate (pH, metal ions, bicarbonate, lactate, urate) [5] and as emissive bio-conjugated tags for time-resolved Förster resonance energy transfer assays. [6] The f-block elements present intrinsic spectroscopic advantages for such applications. Their sharp emission bands and large pseudo-Stokes shifts, following indirect ligand excitation, facilitate selective detection in biological media even in a multiplexing experiment, and their long excited state lifetime enables time-resolved detection of the luminescence signal.
[6c] These spectral and temporal resolutions result in a significant increase of the signal-to-noise ratio, a crucial issue for imaging purposes. [7] All these favourable properties have triggered the design of numerous complexes that meet a stringent set of requirements: (i) the complexes must be strongly coordinated to minimize nonradiative losses and ensure their stability in biological medium, bearing in mind that coordinated water molecules are effective quenchers of the lanthanide excited state, (ii) they have to be sufficiently water soluble and (iii) they must possess optimal brightness B (B = ) for enhanced detection, ideally at an excitation wavelength above 330-350 nm to allow the use of glass microscopy objectives. The choice of the chelating ligand and of the organic chromophore antenna modifies these requirements [8] and has led to the design of several classes of compounds e.g. cryptates, [9] helicates, [10] polyaminocarboxylates or phosphinates [11] or macrocyclic derivatives, including those based on the well-known cyclen family. [12] In this context, taking advantage of the established stability of lanthanide complexes of triazacyclononane-tris-pyridine carboxylates [ 13 ] (Figure 1 ), we recently reported ytterbium-based bio-probes for thick tissue imaging using near infra-red two-photon microscopy [15] and europium based bio-probes with exceptional brightness able to image cellular mitochondria and to act as a FRET donor ([Eu. .cm -1 upon excitation at 340 nm, is about one order of magnitude higher than those already reported for europium complexes, and can be mainly explained by the optimization of the extinction coefficient of the complex using alkoxyphenylethynyl charge transfer antenna. [17] In addition, europium complexes of heptadentate ligands featuring identical antenna have been reported to present additional sensing properties, following displacement of the coordinated water molecule. [18] The high potential of this series of complexes prompted us to gain further insight and understanding with respect to the influence of the nature of the antenna on their luminescence properties. Herein, we report the synthesis and spectroscopic properties of a complete series of europium and terbium complexes featuring various antennae, based on the same phenylethynyl scaffold. The nature, number and position of aryl electron-donating or withdrawing substituents has been varied systematically (Figure 1 
Results and discussion
Synthesis. The synthesis of the TACN pyridine-carboxylate series is depicted in Scheme 1 and starts from the commercially available free aryl-alkynes 1a,b,d (X = H) or trimethylsilyl protected derivatives, 1e,g which were prepared according to literature procedures (see SI). Sonogashira palladium cross-coupling with the pyridine derivative 2a led to the chromophore scaffold in good yield. The chromophores 1e,g were obtained using the modified Sonogashira procedure by addition of tetrabutylammonium fluoride in the reaction mixture, which allows in situ deprotection of the trimethylsilyl group. Alternatively, we demonstrated that the trimethylsilyl alkyne moiety could be incorporated on the pyridine ring leading to 2b in 90% yield. However, due to the poor stability of the corresponding free alkyne 2c, the desired compound was not obtained. We circumvented this issue by using the previous modified Sonogashira cross coupling reaction, leading to the chromophore 3c. Scheme 1. Syntheses of the europium complex carboxylate series.
The starting material 1c was readily available by alkylation of the corresponding iodo-phenol (see SI). Activation of the alcohol 3 was carried out using mesyl chloride and gave after purification on silica gel the corresponding mesylated compounds 4a-e,g. Alkylation of TACN in the presence of potassium carbonate in acetonitrile gave rise to ligands 5a-e,g which were subsequently hydrolysed and the europium complexes were formed by addition of europium chloride hexahydrate. Each complex was isolated after purification by preparative HPLC and the structure was confirmed by HRMS. (Figure 2 ). The coordination polyhedron is a slightly distorted tri-capped trigonal prism, composed of three nitrogen atoms of the 1,4,7-triazacyclononane ring, three nitrogen atoms of the pyridine fragment (N py ) and three oxygen atoms from either the carboxylate or phosphinate substituents. The calculated bond lengths and angles ( 
Photophysical properties of Europium complexes.
Comparison between Lc, Lmp and Lpp ligands. The study of the photophysical properties of the complexes was performed in diluted methanol solution or in water and representative data are reported in Table 2 Figure 3 . In their absorption spectra, every complex possesses a broad structureless transition, assigned to an intraligand charge transfer transition (ICT), from the methoxy-phenyl electron-donating group(s) to the pyridine electron-withdrawing fragment. Interestingly, the [EuLc a ] complex absorption is slightly redshifted compared to the phosphinate analogues, in terms of both the maximal absorption wavelength ( max = 8 nm) and the red tail of the absorption band ( cut-off = 20 nm). This bathochromic shift can be explained by the shorter Ln-N py distance observed for the carboxylate compound: a shorter distance leads to stronger coordination of the metal centre whose Lewis acidity enhances the accepting character of the pyridine fragment. . Such behaviour is in agreement with the increased steric protection afforded by the methyl or phenyl substituents at phosphorus (Figure 2 ).
In order to get deeper insight into the influence of the nature of the coordinating function, the relevant radiative and non-radiative parameters were deduced from experimental data (spectra, quantum yields and lifetimes). Using the approach initially proposed by Werts, Verhoeven [20] and Beeby [21] , the overall europium quantum yield of luminescence ( Eu ) is defined as the product of the efficiency of the sensitization (eq. 1,  sens , i.e. here the fraction of energy transferred from the donor state to the Eu(III) accepting levels) and the quantum efficiency of the metal-centred luminescence upon direct excitation into the f-levels ( Eu ):
In this equation,  Eu =  obs / r where  obs represents the experimental luminescence lifetime of the complex and  r , the pure radiative lifetime, calculated from: . These results clearly indicate that the increased steric protection afforded by the phosphinate substituent (Me < Ph) contributes strongly to the rigidification of the complex structure, thereby reducing non-radiative de-excitation pathways.
[14b] Influence of the alkynyl substitution. The influence of the aromatic substitution on the photophysical properties (absorption and emission) of the related europium (III) complexes was thoroughly studied. ] presents a structured transition with a maximum at 315 nm ( cut-off = 335 nm) characteristic of a -* transition associated with a local excited state ( 1 LE) (Figure 4) . [22] As expected, the substitution of the aromatic moiety by electro-donating groups, e.g. OMe, SMe in compounds [EuLc a-g ] induces a profound modification of the absorption spectra with the appearance of a broad structureless transition assigned, by comparison with analogous ligands, [9c, 17] to an intra-ligand charge transfer transition. These ICT transitions are bathochromically shifted and the magnitude of the red-shift (
) is correlated to the strength of the donating groups. As a consequence of the stronger donor character of the SMe group compared to OMe,  g = 34 nm is higher than  a,d = 19 nm exhibiting one methoxy substituent in para or ortho position, respectively. Introduction of additional methoxy groups in non-conjugated meta position does not induce any significant additional bathochromic shift ( e = 21 nm). On the contrary, introduction of one or two weak electron donating methyl groups in the ortho position induces an additional red-shift of 30 ] results in the strongest bathochromic shift of the ICT transition, with a maximal absorption wavelength at 360 nm and a  cut-off value of ca. 410 nm. It is therefore possible to finetune the maximum absorption wavelength and the cut-off wavelength in the spectral range of interest centered around 337 nm, by varying the aromatic substitution. It is worth noting that this ICT transition is very intense, with an extinction coefficient of around 60 000 L. mol ]. The quantum yield (39%) and lifetime (1.01 ms) in water are slightly lower than in methanol but remain significant indicating the good aqueous stability of this complex. Combined with the above-mentioned strong absorption, this family of complexes exhibits very high brightness around 337 nm, which makes them very attractive candidates for bio-imaging or fluoroimunoassay applications. ] were prepared and investigated in order to study the influence of the chelating groups on the sensitisation process ( Figure 5 ). At low temperature, both complexes exhibit a broad structureless emission, characteristic of an ICT state, at 415 and 375 nm for [GdLmp f ] and [GdLpp a' ] respectively, together with weaker structured emission from the ligand centred triplet state (e.g. vibrational overtones at 490 and 470 nm). At room temperature, only a broad structureless ICT emission is observed around 460 nm. This variable temperature measurement clearly indicates the presence of a triplet excited state at approximately the same energy as the ICT state. Consequently the two sensitization pathways, namely the triplet state mediated one or the direct ICT process can be simultaneously involved in the europium luminescence sensitisation process. The parent Eu(III) complexes did not show significant spectral variation with solvent polarity, except for the Eu complex of the 2,4,6-tri-methoxyphenyl triphosphinate ligand, Lmp f . In this particular case, the emission intensity increased in less polar solvents (Table 4 and Figure S1 in ESI). In solvents with a normalised polarity parameter, E T (30) of <0.8 (Reichardt scale: e.g. MeOH, EtOH, PrOH, MeCN, DMF) the lifetime increased slightly from 1.06 in MeOH to 1.18 in i PrOH. Based on the assumption that the extinction coefficients of the lowest energy ICT band do not vary by more than 10% in the examined solvents, the overall emission quantum yield varied from 55% in MeOH to 78% in i PrOH. However, in water the lifetime was 0.70 ms, the quantum yield dropped to 5%, and the primary absorption band of the ICT state broadened, extending beyond 405 nm. The variation of the emission intensity with T (range 180 to 295K) was examined in EPA and the change of intensity and lifetime with pO 2 (range 0.4 to 160 mmHg) was examined in water at ambient temperature. The temperature variation was characterised by an increase of overall emission intensity of a factor of 2 between 295 and 230K followed by a drop in intensity at much lower temperatures ( Figure S2 in ESI) . The emission intensity varied non-linearly (Figure S3 in ESI) with pO 2 at values below 35 mmHg, (viz. 160 mmHg is atmospheric pressure), with a 2.6 fold increase in intensity at 0.4 mmHg vs ambient pressure. ] is the same in each solvent, and are calibrated with the quantum yield in MeOH; prior work has shown that for water and methanol, the ICT extinction coefficients of the lowest energy band are very similar, within an error of ±10%.
Nonlinear optical properties. The presence of the extended -conjugated antenna ligand prompted a determination of the two-photon absorption cross-section of selected complexes. To that end, twophoton excited fluorescence (TPEF) measurements, based on the calibration of the two-photon excitation spectra in the 700-900 nm range have been performed in diluted methanol using coumarin-307 as external reference (see experimental section for details). The two-photon absorption spectra are reported in Figure 6 and it clearly appears that the maximal absorption wavelength is located out of our laser excitation range and that only the red tail of the two-photon absorption spectrum can be measured. At 700 nm, all compounds present rather modest twophoton absorption cross sections of between 25-50 GM; these values lie in the range of recently described complexes with similar antenna groups. [4a, 9c, 17, 23] Such properties render this family of complexes suitable for biphotonic microscopy imaging applications. Bioimaging application: mitochondrial staining in different cell types. In a preliminary communication, we had indicated that certain Eu complexes in this family exhibit cell uptake, with a tendency to highlight the mitochondrial network.
[14a] Indeed, it has been possible to obtain both single ( exc 355, 365 nm) and two-photon ( exc 710-730 nm) microscopy images with several of the complexes described herein. [24] The single photon images are representative and will be described here. It is worth noting that the high optical brightness of the probes allows live cell imaging at high resolution ( Figure 7 ). Thus, using mouse skin fibroblasts (NIH- ] absorbs even more strongly at 355 nm and has been examined as well in human liver adenocarcinoma cells (HepG2), revealing the mitochondrial distribution better than the common stain, MitoTracker Green (MTG). These liver cells form defined local foci instead of a well dispersed monolayer. Therefore, we set out to conduct a simple comparison of the tissue penetration of [EuLmp f ] versus Mitotracker Green. This Eu complex appears to permeate the foci more deeply, allowing more effective visualization of the taller axial sections of these densely packed cells. Following uptake via macropinocytosis [25] the complex must be shuttled to the mitochondria, crossing the outer membrane and localizing in the inter membrane space. It does not seem likely that these high molecular weight (MW > 500) probes are able to cross the inner mitochondrial membrane. Such behaviour may then explain their low mitochondrial toxicity, as revealed by IC 50 values of >100 M (24h), using the MTT assay. The MitoTracker stains are based upon substituted benzylic chlorides that irreversibly alkylate Cys residues in various mitochondrial proteins (e.g. heat shock protein-60, VDAC-1, aldolase-A) [26] and can also attack mitochondrial DNA, via alkylation at guanine N-7. These reactions result in irreversible perturbation of normal organelle function, so that these organic dyes are only able to penetrate and stain the outer layers of the foci, subsequently forming a perturbed cell barrier. These shallow superficial stained cell layers appear not to allow penetration and transportation of the organic dye deeper into the tissue. Also, it can be clearly seen in the sets of images (Figure 7 ) in HepG2 cells, that the Eu compound does not stain the lipid droplets that appear as very bright spots in the images using the organic dye. Photophysical properties of terbium complexes. The effect of changing the nature of the parasubstituent on the phenyl ring was considered in attempting to make this ligand suitable for terbium sensitisation. This strategy requires both the raising of the energy of the ligand singlet excited state and/or the relative energy of the ICT and ligand centred triplet states. Earlier work [27] has shown that very little terbium emission was observed under ambient conditions for complexes of the ligands with chromophores possessing electron releasing substituents, e.g. . Indeed, sensitisation of terbium in the near UV by an antenna normally requires that there be a significant energy gap between the energy of the excited state of the sensitising moiety and the accepting Tb 5 D 4 level. [8] In this situation, the rate of thermally activated back energy transfer is minimised when the energy gap is >8 kT, i.e. 1640 cm -1 at 298K. In an effort to identify a system that may allow Tb sensitisation with reduced or zero oxygen sensitivity, the excited state energies of a set of chromophores 9b-e with electron poor substituents were measured (Scheme 3, Table 5 and Figure  8 ).
Scheme 3.
Structure of the phenylphosphinate model chromophores 9b-e featuring electron withdrawing substituents. Oxygen sensing with Eu/Tb mixtures. The p-CF 3 -substituted chromophore possesses the highest triplet energy of this series. Indeed, the low T spectra show that the triplet excited state is of lower energy than the ICT state in this case. Accordingly, the corresponding ligand Lpp j was prepared and the spectral properties of the Tb and Eu(III) complexes analysed in the presence of varying partial pressures of oxygen. The Eu complex showed no change in intensity as pO 2 was varied, whereas the Tb analogue exhibited a strong dependence on dissolved oxygen concentration (Figure 9 ). The Tb dependence on oxygen partial pressure was assessed over the range 0.03 to 159 mmHg, and showed a linear dependence, associated with a Stern-Volmer quenching constant, K SV -1 of 60 mm Hg. The differing behaviour of the Eu and Tb complexes allows oxygen concentrations to be measured using mixtures (1:10 ratio) of the Eu/Tb complexes, by examining the ratio of the green Tb emission at 545 nm to the red Eu emission at 620 nm (Figures 10). Such behaviour has previously been observed for related systems [27] where reversible energy transfer re-populates the sensitizer triplet excited state and renders it sensitive to collisional quenching by triplet oxygen. 
Summary and Conclusions
In this work, we have developed a modular and flexible synthetic route to a family of ligands based on triazacyclononane that enables control of ligand and complex absorbance, in the range 330 to 360 nm, by variation of the substituents in the aryl ring or by changing the nature of the donor anionic group, exemplified by the behaviour of carboxylate and phosphinate groups. The phosphinate substitutents are shown via DFT and X-ray studies to present a steric shield that protects the lower face of the lanthanide complexes, enhancing their resistance to collisionally activated quenching processes and leading to longer excited state lifetimes.
The europium complexes possess both high emission quantum yields and high absorbance leading to several examples in which the brightness, B, is of the order of 15 to 30 mM -1 cm -1 , the highest reported for Eu complexes in solution. A direct consequence of this high brightness is to permit applications in immunoassays and in single-photon microscopy and spectral imaging that are otherwise limited to longer acquisition time or higher complex concentrations, for example enabling live cell imaging at low incident powers. Furthermore, the chromophore two-photon cross sections lie in the range 30 to 50 GM, sufficient to allow excitation between 700 and 720 nm, as needed for two-photon microscopy studies. These studies, in concert with applications to near-IR emitting systems, will be discussed in forthcoming work.
The mechanism of sensitisation involves a relaxed ICT excited state or a ligand triplet intermediate according to the nature of the aryl substituents and the donor group. Very efficient intramolecular energy transfer occurs with the Eu(III) complexes, whereas for the Tb(III) analogues, back energy transfer occurs rapidly in all cases, due to the broad density of states or the relatively low energy of the triplet or relaxed ICT excited state and their closeness to the terbium 5 D 4 emissive state. Using a mixture of Tb and Eu complexes of a common ligand, the ability to measure pO2 in solution was demonstrated.
Experimental section
Computational details. DFT geometry optimizations of the Y(III) complexes were carried out with the Gaussian 09 (revision A.02) package [ 28 ] employing the PBE0 hybrid functional.
[ 29 ] The "Stuttgart/Dresden" basis sets and effective core potentials were used to describe the yttrium atom, [30] whereas all other atoms were described with the SVP basis sets. [31] Optical measurements.
Absorption spectroscopy UV/Vis absorption measurements were recorded using a JASCO V670 or a Perkin-Elmer Lambda 900 absorption spectrophotometer, using matched quartz cells.
Luminescence. Emission spectra were measured using a Horiba-Jobin Yvon Fluorolog-3® spectrofluorimeter. The steady-state luminescence was excited by unpolarized light from a 450W xenon CW lamp and detected at an angle of 90° for diluted solution measurements (10 mm quartz cell) by a red-sensitive Hamamatsu R928 photomultiplier tube. Spectra were reference corrected for both the excitation source light intensity variation (lamp and grating) and the emission spectral response (detector and grating). Phosphorescence lifetimes (> 30 s) were obtained by pulsed excitation using a FL-1040 UP Xenon Lamp. Luminescence decay curves were fitted by least-squares analysis using Origin®. Luminescence quantum yields Q were measured in diluted water solution with an absorbance lower than 0.1 using the following equation [D x /D r ] were A is the absorbance at the excitation wavelength (), n the refractive index and D the integrated luminescence intensity. "r" and "x" stand for reference and sample. Here, reference is quinine bisulfate in 1N aqueous sulfuric acid solution (Qr = 0.546). Excitation of reference and sample compounds was performed at the same wavelength.
Two-photon excited luminescence measurements. The TPA cross-section spectrum was obtained by up-conversion luminescence using a Ti:sapphire femtosecond laser in the range 700-900 nm. The excitation beam (5 mm diameter) is focalized with a lens (focal length 10 cm) at the middle of the 10-connected to an Ocean Optics S2000 spectrometer. The incident beam intensity was adjusted to 50 mW in order to ensure an intensity-squared dependence of the luminescence over the whole spectral range. The detector integration time was fixed to 1s. Calibration of the spectra was performed by comparison with the published 700-900 nm Coumarin-307 two-photon absorption spectrum30 (quantum yield = 0.56 in ethanol). [ 32 ] The measurements were done at room temperature in dichloromethane and at a concentration of 10 -4 M.
Variable T and pressure experiments. Details of the experimental set-ups used in the VT and VP experiments have been reported earlier.
[27]
Confocal Microscopy.Details of cell culture, epifluorescence microscopy and assessment of complex toxicity, typically using the MTT assay of mitochondrial redox function have been reported elsewhere.
[16] Cell images and co-localisation experiments were obtained using a Leica SP5 II microscope. In order to achieve excitation with maximal probe emission, the microscope was coupled by an optical fibre to a Coherent 355 nm CW (Nd:YAG) laser, operating at between 4 and 8mW power. A HeNe or Ar ion laser was used when commercially available organelle-specific stains (e.g. MitotrackerGreen TM ) were used to corroborate cellular compartmentalization. The microscope was equipped with a triple channel imaging detector, comprising two conventional PMT systems and a HyD hybrid avalanche photodiode detector. The latter part of the detection system, when operated in the BrightRed mode, is capable of improving imaging sensitivity above 550 nm by 25%, reducing signal to noise by a factor of 5. The pinhole was always determined by the Airy disc size, calculated from the objective in use (HCX PL APO 63x/1.40 NA LbdBlue), using the lowest excitation wavelength (355 nm). Scanning speed was adjusted to 100 Hz in a unidirectional mode, to ensure both sufficient light exposure and enough time to collect the emitted light from the lanthanide based optical probes (1024x1024 frame size, a pixel size of 120x120 nm and depth of 0.772 μm).
Synthesis
Details of general methods and of NMR and MS instrumentation may be traced in recent references. [16, 2, 4, 7, 8] . Experimental details of chromophore, ligand and complex syntheses are given in the ESI.
